T of groundwater systems by dense nonaqueous phase liquids (DNAPLs) continues to be a signifi cant environmental problem (Johnson et al., 2004 ). An increased understanding of the processes that control the dissolution of DNAPL source zones will help to improve the characterization and remediation of DNAPL-contaminated sites (Khachikian and Harmon, 2000) . Recent studies show that one process that has been previously overlooked and is not included in current, common conceptual models for DNAPL dissolution is the repeated expansion, fragmentation, and vertical mobilization of discontinuous gas phases due to the partitioning of volatile DNAPL compounds (Roy and Smith, 2007) . Flow cell experiments conducted by Roy and Smith (2007) showed that this process can change pore-scale DNAPL distributions and alter local aqueous-phase permeability, which can aff ect mass transfer from the source zone. Th ey also reported an increase in the effl uent mass fl ux and a change in the distribution of dissolved DNAPL above a trichloroethene (TCE) pool due to the buoyant vertical transport of gas clusters away from the pool surface.
Th e redissolution of DNAPL compounds from a mobilized discontinuous gas phase back into the surrounding groundwater is expected to be a strong function of the discontinuous gas-phase geometry, which has been reported for the mass transfer of volatile compounds during air sparging (e.g., Brooks et al., 1999) , the dissolution of trapped gases (e.g., Geistlinger et al., 2005) and the dissolution of DNAPL residual (e.g., Khachikian and Harmon, 2000) . Th e objective of this manuscript is to present novel results of our recent experiments that clearly demonstrate the transient distribution of an expanding discontinuous gas phase above a DNAPL pool in natural porous media. Th e observed distribution is substantially diff erent than those observed in previous studies on the expansion of a discontinuous gas phase in the presence of DNAPL conducted in either porous media-free, no-fl ow reactors (Mumford et al., 2008) or fl ow cells packed with glass beads of 1 or 3 mm diameter (Roy and Smith, 2007) . Th is timely contribution directly infl uences the rapidly emerging changes in our fundamental conceptual models of DNAPL source zones containing a discontinuous gas phase.
Theory

Gas-phase Expansion above a DNAPL Pool
Th e expansion of a discontinuous gas phase above a DNAPL pool is driven by the partitioning of multiple dissolved gases to the gas phase (Roy and Smith, 2007; Mumford et al., 2008 
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The par oning of vola le dense nonaqueous phase liquid (DNAPL) compounds to a discon nuous gas phase results in the repeated expansion, fragmenta on, and ver cal mobiliza on of gas clusters. This process has the poten al to signifi cantly aff ect the dissolu on of DNAPL source zones and the characteriza on of DNAPL-contaminated sites, but has not been included in common conceptual models. This study presents new observa ons of discon nuous gasphase growth above a 1,1,1-trichloroethane pool in a two-dimensional fl ow cell packed with 1.1-mm diameter sand. In contrast to the behavior observed in coarse glass beads, these visualiza on results show that the gas phase evolves as a collec on of macroscopic fi ngers, composed of mul ple trapped and disconnected gas clusters, and that the growth rate of these fi ngers is faster at the leading edge of the DNAPL pool due to the stripping of dissolved gases. These results provide valuable informa on for the incorpora on of discon nuous gas phases in our evolving conceptual models of DNAPL source zones.
N 2 ), biogenic gases (e.g., CH 4 , CO 2 ), and volatile partitioning tracers (e.g., SF 6 ) in addition to the DNAPL compound(s). In a multi-component system containing aqueous and gas phases, the partitioning of the volatile compounds to a gas cluster is controlled by the local equilibrium at the gas -liquid interface defi ned by Henry's law
where P i g is the partial pressure of compound i in the gas phase, K Hi is the Henry's law coeffi cient for compound i, and C i is the local aqueous phase concentration of compound i; and by the total pressure of the gas phase, defi ned by the sum of the hydrostatic and capillary pressures, according to Dalton's law g g w c i i
where P g is the gas pressure, P w is the bulk liquid pressure, and P c is the capillary pressure (Cirpka and Kitanidis, 2001) . Th e term gas cluster here is used to describe a gas volume that is connected through one or more pore bodies but is not macroscopically connected throughout the medium, and is treated as the nonwetting phase. Th e resulting multi-component partitioning can result in either the dissolution (Cirpka and Kitanidis, 2001; Holocher et al., 2003; Geistlinger et al., 2005) or the expansion (Cirpka and Kitanidis, 2001; Amos and Mayer, 2006a,b; Roy and Smith, 2007; Mumford et al., 2008) of the discontinuous gas phase. Expansion is expected for discontinuous gases above DNAPL pools, as the partitioning of volatile DNAPL mass lowers the partial pressures of the other gases in the gas cluster below the values in equilibrium with their bulk aqueous concentrations, resulting in the transport of all dissolved gases across the gas-liquid interface (Mumford et al., 2008) . Th is transport of all gases can occur even in systems where the partial pressure of the DNAPL compound is near saturation and makes up only a small fraction of the total gas pressure (Mumford et al., 2008) . Faster transport, and faster expansion, is expected for systems with low values of P w and P c and containing DNAPLs with high vapor pressures (i.e., volatile DNAPLs in shallow, coarse media). In systems where the DNAPL vapor pressure is less than the capillary pressure, no expansion is expected. Lower values of P c can also result from changes in gas-liquid interfacial properties, including the lowering of air-water interfacial tension due to contamination of the interface by DNAPL constituents (Roy and Smith, 2007; Mumford et al., 2008) . Continued expansion of a discontinuous gas phase near the surface of a DNAPL pool will result in fragmentation and vertical mobilization of the gas phase, as buoyancy forces overcome local capillary forces (Roy and Smith, 2007) and the vertical transport of gas-phase DNAPL compounds. Because changes in gas-phase volume are dependent on the mass transfer of all volatile components to the gas-liquid interface, the expansion of one discontinuous gas phase can aff ect the expansion of other discontinuous gas phases located further downstream (Cirpka and Kitanidis, 2001 ). Th at is, the transfer of volatile compounds to a vertically mobilized gas phase eff ectively strips those volatile compounds from the fl ow path, leaving less mass for transfer to the next downstream discontinuous gas phase. Th us, it is expected that multiple discontinuous gas phases located along the length of a DNAPL pool along the direction of fl ow will evolve at diff erent rates, from faster to slower expansion in the downstream direction.
Unstable Gas Flow in Porous Media
Unstable drainage in a porous medium is expected for the upward displacement of the wetting fl uid by a signifi cantly less dense nonwetting fl uid (Frette et al., 1992; Birovljev et al., 1995; Glass et al., 2000; Tsimpanogiannis and Yortsos, 2004; Stöhr and Khalili, 2006; Geistlinger et al., 2006) , or the downward displacement of the wetting fl uid by a signifi cantly more dense nonwetting fl uid (e.g., Glass et al., 2000; Ewing and Berkowitz, 2001; Zhang and Smith, 2002) provided that the viscosity ratio of the two fl uids and the rate of nonwetting fl uid fl ow are insuffi cient to provide viscous stability (Geistlinger et al., 2006; Stöhr and Khalili, 2006) . Under these circumstances, the growth of the nonwetting phase is described by a characteristic cluster width (ξ) and length (l c ) (Wilkinson, 1984; Wilkinson, 1986) ( )
where Bo is the Bond number (ratio of buoyancy to capillary forces), v is the correlation length exponent of percolation, r p is a characteristic pore radius, Δρ is the density diff erence between the wetting and nonwetting fl uids (water and gas, respectively, in this experiment), g is the acceleration due to gravity, and σ is the interfacial tension. Th e exponent -ν/(ν+ 1) in (4) is equal to -0.57 in two dimensions (Frette et al., 1992; Birovljev et al., 1995; Tsimpanogiannis and Yortsos, 2004) and -0.47 in three dimensions (Wilkinson, 1986; Tsimpanogiannis and Yortsos, 2004; Stöhr and Khalili, 2006) . In their pore-network simulations, Tsimpanogiannis and Yortsos (2004) found that the characteristic length for unstable displacement in a gravity fi eld is described better by l c~| Bo| -0.44 . Based on these relationships, the geometry of unstable gas phase growth in porous media is expected to range from generally symmetrical, but irregular, clusters at low Bo (e.g., Frette et al., 1994) to long vertical chains of small, disconnected clusters at high Bo (e.g., Frette et al., 1992; Birovljev et al., 1995) . At the extreme, these disconnected clusters approach the scale of a single pore body (Roosevelt and Corapcioglu, 1998) . The geometry of a disconnected gas phase in a porous medium can be described by the length at which fragmentation and mobilization of the gas cluster occurs due to reinvasion of water and entry of gas into new pore spaces. For unstable growth in a gravity gradient, reinvasion is caused by a local decrease in capillary pressure as a gas cluster grows vertically and is subjected to a lower hydrostatic pressure. Estimates of this critical cluster length are based on a balance of the pressures at the top and bottom of the gas cluster and the pressure drop across the height of the cluster (Glass et al., 2000; Geistlinger et al., 2006) top bottom c c crit
where h crit is the critical cluster length, and P c top and P c bottom are the capillary pressures at the top and bottom of the cluster, respectively, when fragmentation and mobilization occur. Estimates of the critical cluster length in uniform glass beads and sand are presented in Fig. 1 . Th e values for uniform glass beads are calculated based on the theoretical expression presented by Geistlinger et al. (2006) (Schroth et al., 1996) . Based on the method proposed by Glass et al. (2000) , values for P c top were estimated for eff ective nonwetting saturations of 0.3, and P c bottom was taken to be 1/2P c top . Figure 1 shows that a decrease in grain size or a change from uniform glass beads to natural porous media results in a considerable increase in the critical cluster length. Th at is, in media characterized by smaller grain sizes and higher capillary pressures, fragmentation and mobilization require longer gas clusters. It also shows that for grain diameters of 4 to 5 mm, the critical cluster length approaches the scale of a single grain, which can be assumed to be on the same order as a single pore.
For mass transfer from discontinuous gas phases, the scale of the discontinuous gas clusters is an important consideration. Larger clusters will allow the rapid transport of DNAPL compounds by gas diff usion over larger distances, and vertically mobile clusters at the scale of a single pore will allow the rapid transport of DNAPL compounds by buoyancy-driven advection, assuming minimal trapping in homogenous systems. Th e vertical transport of DNAPL mass in systems characterized by intermediate-sized clusters will be limited with respect to both of these mechanisms, as vertical diff usion will be dominated by transport through the aqueous phase between clusters, and buoyant advection will be limited by repeated trapping due to minor variations in the pore-scale geometry. Even under the limiting conditions induced by intermediate sized clusters, however, the resulting rate of vertical transport can be greater than vertical diff usion and dispersion processes in water-saturated media (Amos and Mayer, 2006b; Roy and Smith, 2007) .
Materials and Methods
Flow Cell Construc on and Opera on
Experiments were conducted in a two-dimensional fl ow cell (Fig. 2) composed of two 1-cm-thick glass plates sealed to a brass frame and an aluminum top plate. Th e inside dimensions of the fl ow cell were 68 × 59 × 1 cm 3 . Th e infl uent side of the fl ow cell was packed with 6-mmdiameter glass beads (Propper Manufacturing Co., Inc. 030010), separated from the main pack by a perforated aluminum plate, to distribute the fl ow. Top and bottom confi ning layers were created by packing with 0.5-mmdiameter sand (40/50 Accusand, Unimin Corporation, New Canaan, CT, USA). The center of the cell was packed with 62 × 44 × 1 cm 3 of 1.1-mm-diameter sand (12/20 Accusand, Unimin Corportation). Schroth et al. (1996) report the properties of these sands. Microscopic and macroscopic air entrapment in the main pack were minimized by placing the sand in water under vacuum before packing and continuously pouring the wet sand into the water-fi lled fl ow cell. Th e continuous pouring, together with the tapping of the glass plates with a rubber mallet following the pour, achieved a reasonably homogeneous pack.
Th e DNAPL used in the experiment was 1,1,1-trichloroethane (1,1,1-TCA), which has an aqueous solubility of 1310 mg/L and a vapor pressure of 1.66 × 10 4 Pa at 25°C (Pankow and Cherry, 1996) . A 17-cm long DNAPL pool was created by injecting 16 mL of 1,1,1-TCA (VWR Canlab, 99.5%) dyed red with 100 mg/L Sudan 4 (Acros Organics, Hamilton, Reno, NV, USA) at a rate of 2 mL/h using a syringe pump (EW-74901-10, Cole-Parmer, Vernon Hills, IL, USA) and a 25-mL gastight syringe (Hamilton 82520) through a 16-gauge stainless-steel needle (Hamilton 7748-02) inserted into the side of the fl ow cell. Th e needle was packed into a layer of 4 mm-diameter glass beads (030008, Propper Manufacturing Co., Inc., Long Island City, NY, USA ) placed in the bottom of a depression in the lower confi ning layer. An initial gas phase was emplaced by lowering the water table at a rate of 3 cm every 15 min using a constant head device until contact between the air and the surface of the DNAPL pool was observed. Th e water table was then immediately raised, at the same rate at which it was lowered, to trap air at a residual saturation expected to be similar to the reported residual air saturation for this sand (Schroth et al., 1996) .
A solution of 200 mg/L of sodium azide (> 99%, Fisher Scientifi c, Pittsburg, PA, USA) in Nanopure water (Barnstead D11951) was pumped through the fl ow cell using a continuouscycle syringe pump (Cole-Parmer EW-74901-50) and 60-mL syringes (BD 309653) at a rate of 0.93 ± 0.02 mL/min for 70 d, corresponding to a pore-water velocity of 70 cm/day. Th e sodium azide acted as a biocide (Seagren et al., 1999; Chrysikopoulos et al., 2000; Roy et al., 2004) to prevent the generation of biologically-derived gases. Dissolved gases were supplied to the fl ow cell throughout the experiment by saturating the infl uent water with laboratory air at 25°C. Th is was expected to provide a suffi cient amount of dissolved gas to facilitate the multi-component expansion of the gas phase in vicinity of the DNAPL pool but not promote the generation of a gas phase by degassing of the solution elsewhere in the fl ow cell. Flow exited the effl uent boundary through six ports connected to individual constant-head devices. Th e fl ow rate was measured by periodically placing the infl uent reservoir on an analytical balance (BD1201, Mettler Toledo, Columbus, OH, USA).
Image Collec on and Processing
Macroscale images of the evolving gas phase were collected using a CCD camera (A640, Canon, Lake Success, NY, USA) connected to a personal computer equipped with software from the camera manufacturer. Images were collected automatically at a rate of one per hour and a resolution of approximately (0.2 mm) 2 /pixel. Th e fl ow cell was lit continuously by a light box equipped with four 36 Watt, 5000 K fl uorescent tubes covered with a prismatic acrylic sheet, having a lit surface area of 102 cm × 71 cm (model 12849, JUST Normlict, Langhorne, PA, USA). Th e fl ow cell was positioned between the light box and the camera to allow visualization of the depth-averaged gas saturation by light transmission (Tidwell and Glass, 1994; Niemet and Selker, 2001; Oostrom et al., 2007) . Th e fl ow cell was located 28 cm from the light box and 180 cm from the camera. Th e light box, fl ow cell and camera were covered by a rubber-backed curtain hung over a steel frame to minimize the eff ect of ambient lighting. Ambient air temperatures underneath the curtain were approximately 2°C higher than in the laboratory, which was not expected to signifi cantly aff ect the results of the experiment. Pore-scale digital images were collected using a second CCD camera (Coolpix P4, Nikon, Tokyo, Japan) mounted on an adjustable laboratory jack stand located 6 cm from the fl ow cell. Pore-scale images were collected at a rate of approximately one per day and a resolution of approximately (0.023 mm) 2 /pixel. Th e transmitted light intensity values at each pixel were determined by converting the RGB image recorded by the camera to a grayscale image. Th e background image was removed by calculating the diff erence in the optical density (McNeil et al., 2006) between the initial image and each subsequent image, corrected for temporal changes in lighting using the transmitted light intensity through a reference region
where ΔOD is the diff erence in optical density, OD is the optical density, I is the transmitted light intensity and I ref is the average transmitted light intensity over the reference region. Th e subscripts 0 and t refer to images collected initially and at time t, respectively. Th e reference region employed in this experiment was a section of the main pack that was not drained during the initial gas emplacement and, therefore, remained at a constant optical density throughout the experiment. Th e section was 1 cm high and 10 cm long and was located just above the lower confi ning layer and between 39 cm and 49 cm from the infl uent edge of the main pack. No attempt was made in this work to process the images for the quantifi cation of point-wise saturation values (e.g., Tidwell and Glass, 1994; Glass et al., 2000; Niemet and Selker, 2001; O'Carroll and Sleep, 2007) . All image processing was done using MatLab (Release 13, MathWorks, Natick, MA, USA) and measurements of gas fi nger height in the images were conducted using ImageJ (http://rsb.info.nih.gov/ij/).
Results and Discussion
Pore-Scale Images
Pore-scale images collected at the pool surface between 5.9 cm and 7.5 cm from the upgradient edge of the pool at 0 d, 5 d and 10 d are shown in Fig. 3 . Th ese images provide qualitative information regarding the transient behavior of gas clusters located at the surface of the front glass plate, and support the conceptual model of discontinuous gas-phase fl ow that occurs through the repeated expansion, fragmentation, and vertical mobilization of gas clusters near the surface of the DNAPL pool. Four gas clusters (A, B, C, and D) have been outlined in Fig. 3 to illustrate the variety of possible behaviors exhibited by individual gas clusters. Although the interfaces outlined for clusters C and D appear disconnected, the inspection of multiple images showed that the interfaces within each cluster were connected away from the front glass plate.
Th ese four gas clusters are present at two diff erent elevations above the DNAPL pool surface. Clusters A and C are at the pool surface and are in direct contact with DNAPL, and clusters B and D are 1.4 cm above the pool surface. Th e gas-phase concentrations in clusters A and C are expected to be near saturation values, with maximum 1,1,1-TCA partial pressures close to the vapor pressure of 1.66 × 10 4 Pa. Th e gas-phase concentrations in clusters B and D are expected to be in equilibrium with the local aqueousphase concentrations. Th e magnitude of the local aqueous-phase concentrations can be approximated using a simple model for DNAPL pool dissolution (Johnson and Pankow, 1992) 
where C S is the aqueous solubility of the DNAPL, z is the elevation above the pool surface, D z is the transverse dispersion coeffi cient, x is the length in the direction of fl ow, and v is the pore-water velocity. Taking z = 1.4 cm, D z = 10 −9 m 2 /s, x = 7 cm, and v = 70 cm/d gives C/C S = 8 × 100 −4 . Assuming that C/C S = P g /P VP , where P VP is the vapor pressure of the DNAPL, the maximum 1,1,1-TCA partial pressures in clusters B and D are expected to be approximately 1 × 10 1 Pa. Th e capillary pressure required for the expansion of a gas cluster to an adjacent pore body is expected to be near the airentry value of 5.3 × 10 2 Pa for this sand (Schroth et al., 1996) . Th erefore, 1,1,1-TCA partial pressures are expected to be less than the capillary pressure required for expansion in clusters B and D, and greater than required in clusters A and C. Th e behavior of clusters A and B is consistent with expectations based on consideration of the capillary entry pressure and 1,1,1-TCA partial pressure. Th e high 1,1,1-TCA partial pressure expected in cluster A results in expansion, while the low 1,1,1-TCA partial pressure expected in cluster B results in dissolution. Th is diff erence in behavior supports previous observations that local system properties strongly infl uence gas-phase expansion (Roy and Smith, 2007) , due in part here to the steep concentration gradients at the leading edge of a dissolving DNAPL pool.
Th e behavior of clusters C and D is not readily explained simply by considering the expected 1,1,1-TCA partial pressures at the two locations. Over the fi rst 5 d, cluster C expanded and cluster D dissolved, as expected. However, there was a decrease in the size of cluster C and an increase in the size of cluster D after 10 d. Inspection of pore-scale and macroscale images collected between 5 and 10 d (not shown) strongly suggests that the change in volumes of clusters C and D were due to the vertical mobilization of gas from cluster C followed by coalescence with cluster D. Th e diff erence in the behavior of clusters B and D, located at the same elevation above the DNAPL pool, shows that while the local aqueous concentrations at a gas cluster location suggest dissolution behavior, the eff ective steady-state behavior will also depend on the advective transport of a gas phase from lower gas clusters (i.e., cluster C to cluster D). Th is will result in long periods of slow dissolution punctuated by short periods of expansion by coalescence, which may cause a net expansion at that location over time.
Th e expansion and fragmentation of cluster C also illustrates the local displacement of DNAPL adjacent to the cluster. DNAPL-occupied pore spaces are fi lled with gas as the cluster expands, and are fi lled again with DNAPL following fragmentation. Th is supports previous observations that discontinuous gas-phase expansion, fragmentation and vertical mobilization can aff ect the local morphology of DNAPL source zones, and potentially aff ect local dissolution rates (Roy and Smith, 2007) .
Macroscale Images
Selected macroscale images are shown in Fig. 4 . An animation compiled from 280 still images at a frequency of four images per day is available (see Supplemental Video). Th e images show the evolution of two macroscopic gas fi ngers. Th e upgradient (Eq. [7] ). An increase in the gas satura on above the pool produced a darker image (increased op cal density), and a decrease in the DNAPL satura on within the pool produced a brighter image (decreased op cal density).
fi nger developed within the fi rst 6 d and exhibited considerable branching close to the upper confi ning layer after 40 d. Th e downgradient fi nger was clearly visible after 11 d.
Growth of the gas fi ngers occurred in a stepwise manner due to local variations in pore-scale displacement pressure. These local variations are present even in the relatively homogenous packing used in this experiment, and similar eff ects on unstable, nonwetting phase displacement have been observed (Birovljev et al., 1995; Glass et al., 2000; Zhang and Smith, 2002; Stöhr and Khalili, 2006; Geistlinger et al., 2006) . Th is stepwise growth results from a combination of penetration events following the pressurization of a gas cluster (Li and Yortsos, 1995) , and vertical mobilization events following the fragmentation of a gas cluster at the critical cluster length. Th ese events were observed to occur at the uppermost tips of the fi ngers and in the main body of the fi ngers. Observed stepwise growth behind the uppermost fi nger tips indicates disconnections between the gas clusters that make up the macroscopic fi ngers. Th e stepwise growth of each fi nger is illustrated in Fig. 5 , which shows the maximum height of each fi nger during the 70-d duration of the experiment. It is important to note that periods of constant maximum height do not imply periods of no growth, as growth in lower branches of the fi ngers was often observed.
Th e upgradient and downgradient fi ngers reached heights of 44 cm and 40 cm above the pool surface, respectively, by the end of the 70-d experiment. A steady-state gas distribution was not achieved. Th e vertical growth of the upgradient fi nger was stopped when it reached the upper confi ning layer of the fl ow cell and gas began to pool on the underside of this capillary barrier (Fig. 4i) . Th e vertical growth of the downgradient fi nger had not reached a steady state when the experiment was terminated due to gas mobilization into the infl uent glass-bead pack. Figures 4 and 5 show for the fi rst time that the eff ects of an expanding gas phase above a DNAPL pool are not constrained to the local environment at the surface of the pool, but can impact the system on a representative elementary volume (REV) scale Th is is different than observations by Roy and Smith (2007) , who report a maximum gas height of 5 cm above a DNAPL pool in their fl ow cell experiments using 1-mm-diameter glass beads and TCE. Th e substantial diff erence in height is likely due to the vapor pressure of TCE of 1.0 × 10 4 Pa at 25°C (Pankow and Cherry, 1996) , which is 60% of the vapor pressure of 1,1,1-TCA. However, the gas saturation of the infl uent water in the study by Roy and Smith (2007) was not reported and may have contributed to diff erent growth and dissolution conditions.
In addition to diff erences in maximum height, the extent of trapping shown in Fig. 4 is substantially diff erent from that reported for the glass bead experiments of Roy and Smith (2007) . Although they reported that the trapping of mobilized gas clusters was common, they also reported that several mobilized clusters reached the top of their fl ow cell following mobilization. Figure  4 clearly shows that trapping of mobilized gas clusters in natural porous media is a primary mechanism, and that macroscopic vertical growth of the fi nger is made possible by repeated coalescence events. Th is is expected to be the primary growth pattern for the expansion of a discontinuous gas phase above a DNAPL pool at most fi eld sites, since at fi eld sites the lengths of the gas clusters are signifi cantly greater than the scale of a single porebody ( Fig. 1) and are easily trapped following mobilization due to the greater variation in pore sizes present in natural sands compared to uniform glass beads. Figure 5 also shows that the average growth rate of the downgradient fi nger tip (0.56 cm/d) is slower than the average growth rate of the upgradient fi nger tip (1.3 cm/d). Th e two gas fi ngers are of similar width and were both observed to span the thickness of the fl ow cell. Th erefore, the growth rate of the tip is taken to be a reasonable measure of the relative growth of each gas fi nger. Th e decreased growth rate of the downgradient gas fi nger is consistent with the process for the partitioning of multiple dissolved gases to a discontinuous gas phase, and observations of this eff ect have not been reported previously in the literature. While the eff ect of a reduced growth rate on the eff ective steady-state distribution of discontinuous gas above a DNAPL pool is yet to be determined, it is reasonable to expect that at some length along the DNAPL pool suffi cient stripping of dissolved gases will occur to signifi cantly limit discontinuous gas phase expansion.
Summary and Conclusions
Extensive discontinuous gas-phase expansion, fragmentation, and vertical mobilization was observed above a pool of 1,1,1-TCA in an intermediate-scale two-dimensional fl ow cell subjected to a fl owing aqueous phase saturated with atmospheric gases. Porescale observations showed evidence of expansion, dissolution, fragmentation, and coalescence events that were highly dependent on local system properties. Macroscale observations showed the vertical growth of discontinuous, macroscopic gas fi ngers dominated by the repeated trapping and mobilization of discontinuous gas clusters. Th ey also showed the preferential growth of an upgradient gas fi nger compared to a downgradient gas fi nger due to the upgradient stripping of dissolved gases. Th ese new observations of macroscopic gas-fi nger growth above a DNAPL pool illustrate that this mechanism will potentially impact systems at the REV scale, that models describing this mechanism must consider the discontinuous nature of the gas fi ngers, and that the transient F . 5. Gas-fi nger height above the surface of the dense nonaqueous phase liquid (DNAPL) pool throughout the 70-d experiment, where the symbols represent measured fi nger-p heights and best-fi t lines represent the average growth rate of the upgradient (solid) and downgradient (do ed) fi ngers.
development of the gas fi ngers will be a function of the distance from the upgradient edge of the pool. Th is timely contribution directly infl uences the rapidly emerging changes in our fundamental conceptual models of DNAPL source zones containing a discontinuous gas phase.
